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“One day in the year of 1820, walking to his lecture at the University
of Copenhagen, Oersted got an idea. If static electricity did not affect
magnets in any way, maybe things would be different if one tried
electricity moving through the wire connecting the two poles of the
Volta pile. Arriving at the classroom filled with a crowd of young
students, Oersted placed on the lecture table his Volta pile,
connected the two opposite ends of it by a platinum wire, and placed
a compass needle close to it. The needle, which was supposed to
orient itself always in the north-south direction, turned around and
came to rest in the direction perpendicular to the wire. The audience
was not impressed but Oersted was.”

George Gamow
Biography of Physics (Harper Brothers, 1961)

Magnetically operated Hall effect switches are based on the Hall
effect in semiconductors. This magnetically operated position sensor
is commercially available from Micro Switch (Honeywell).

Hall effect in a sample where there are both negatidepositive charge carriers, eetgctrons andholes in
a semiconductor, involves not only tt@ncentrations of electrorgd holes,n and p respectively, bualso
the electrorand hole drift mobities, i, and . We first have toreinterpret therelationshipbetween the

drift velocity and the electric field.

If 1, is the drift mobility and, the drift velocity of the electrons, then we have already showrv that
= uE. This has been derived by consideringrittesl ectrostatic force, e£, acting on a single electron and
the imparted accelerati@~ eE/m,. The drift is thereforelue tothe netforce, F, ., = eE, experienced by a

conduction electron. If we were to keep asthe net force F,, acting on asingle electron then wevould
have found

.y
v= ek 1
L=t ®

Equation (1) emphasizes the fact that drift is due to a net fegacting on arelectron. A similar
expression would also apply to the drift of a hole in a semiconductor.
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When both electrons andholesare presenasin a semiconductosample,both chargecarriers
experience a Lorentz force iretlsame direction sindbey would bedrifting in the oppositedirections as

illustrated in Figure 1.
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Hall effect for ambipolar conduction as in a semiconductor where there are both
electrons and holes. The magnetic fiBlds out from the plane of the paper.

Both electrons and holes are deflected toward the bottom surface of the
conductor and consequently the Hall voltage depends on the relative mobilities
and concentrations of electrons and holes.

Figurel

Thus, both holes and electrons t¢adpile near the bottorsurface. Thenagnitude othe Lorentz
force, however, will balifferent sincethe drift mobilities and hencelrift velocities will bedifferent. Once
equilibrium is reached, there should be no current flowing ig-thigection as wehave anopencircuit. Let
us suppose that more holes have accumulated near the bottom surface so that there i®kttuit-ield
E, alongy-direction asshown inFigure 1.SupposeHatv,, andyv,, are theusual electronand hole drift
velocities in the-y and 4y directionsrespectively(as if the electricfield E, existed alone in the y+
direction). In they-direction there is no net current, therefore

J=J,+J.=epy, +env, =0 (2)
It is apparent that eithehe electron othe hole driftvelocity must bereversedwith respect to its

usual directio to obtain a zeraet currentalongy. (In Figure 1 thismeans holesare drifting in the
opposite direction t&,.) From Equation (2) we obtain

PVhy =~V 3)

ey

We note that the net force acting on the charge carriers cannot be zero. This is impossible when two
types of carriers are involved and that both carriers are drifting glamgive anet current], thatis zero.
This iswhat Equation(2) representsWe therefore conclude that, aloggboththe electrorand thehole
must experience a driving force to drift them. Theforte experienced by the carrieas,shown inFigure
1,is

F, = €E, —ev,B, and -F,=¢eE +ey,B, 4)

wherey,, andv,, are the hole and electron drift velocities al@n@/e know that, in general, the drift velocity
is determined by the net force acting on a charge carrier, that is, from Equation (1),

Fry = thJHh and —Fy = eve/ue
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so that Equation (4) becomes,

ev;, ev
Y = - .
=eE, -ev, B =ef, +ev,B,

z

Hy He

wherev,, andyv,, are the holend electrondrift velocitiesalongy. Substitutingv,, = u.E, andv,, = lE,
these become

Y- - uE,B, o= E +pER, ®)
H He
From Equation (5) we can substitute ¥grandv,, in Equation (3) to obtain
PH.E, = puVE, B, = -npE, - nu’E,B,
or E,(pthy *+ nptg) = BE(piy” = i) (6)

We now consider what happens alongxakrection. The total current density is finite andyigen
by the usual expression,

J, = epvy, +env,, = (P, + N ek, ()
We can use Equation (7) to substituteBpm Equation (6), to obtain

eE, (N, + pit)® = B (P, — NK)
The Hall coefficient, by definition, iB, = E,/J,B, so that

2 2
-n
= p/lh—/lez Hall Effect for ambipolar conduction (8)
e i, +nit,)
p—nb? | _
or Ri=—— Hall Effect for ambipolar conduction 9)
&(p +nb)

whereb = u/p,. It is clear that theHall coefficientdepends on botlthe drift mobility ratio and the
concentrations of holes and electrofsr p > nb? R, will be positiveand forp < nb?, it will be negative.
We should note that when only one type of carrier is involved, e.g. electrond enfyrequirement means
thatJ, = env,, = 0, orv,, = 0. The drift velocity along can only be zerdf the net drivingforce, F,, alongy

is zero. This occurs when the Lorentz force just balances the force due to the built-in field.

1. Example: Hall coefficient of intrinsic silicon

Intrinsic siliconhaselectronand holeconcentrationsn = p = n, =1.5 x 10'° cm®, andelectronand hole
drift mobilities, y, = 1350 cm V* s, y, = 450 cnd V* s'. Calculate the Hacoefficientand compare it
with a typical metal.

Solution
Givenn=p=n =1.5x10°cm? y, = 1350 cmV* s andy, = 450 crd V' s* we have
b= p/u, = 1350/450 = 3
_ (1x 10° m?) - (1x10* m?)(3?
©(L6x10% C)(1x D m?) +(1x10° m*)3)|°
or R,=-208 nTA's?!

then,
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which is orders of magnitude larger tima that for a typical metal. All Hall effect devices use a
semiconductor rather than a metal sample.

2. Example: Zero Hall coefficient in a semiconductor

Given the mass action lawp = n?, find the electron concentration whére Hall coefficient is zeréor a
semiconductor. Using =1.5x 10" cm?®, and electron and hole drift mobilitigg, = 1350 cm V* s* and
i, = 450 cm V' s*, what aren andp in Si for zeroR,?

Solution
Substituting the mass action law= n*/n into Equation (9) we get

n2

- nb?
RH p- an — n n =0
o{pnb)’ eEhiz + nbﬁ
Hn ~™H
n?
that is —r'] -nb* =0
solving, n=n/b=0.3% =5x 10 cm®

Obviously the corresponding hole concentratjpn bn, or 4.5x 10" cm®,

3. Example: Maximum Hall coefficient in a semiconductor

Given the mass action lanp = n?, find n for maximumR, (negativeand positive). Asume that the drift
mobilities remainrelatively unaffected ash changegdue to doping)Given the electrorand hole drift
mobilities, y, = 1350 crAV™* s*, y, = 450 cmi V' s* for silicon, determinen for maxmum R, in terms of
n.

Solution
Substituting the mass action lgw= n?/n into Equation (9) we get

whereu andv represent the numerator and denominator as a function of

Then dR, :uv—zuv =0
dn %
where primes are derivatives with respect.tbhis means thatv —uv’= 0, so that,

Ny _ ,_D ni2_ 2[IDEhi2 ﬁD l:hiz_ 2 Ehiz L[] nﬁ ED_
u'v uv—ErF b%egﬁ+nbgén—aﬁ nb %egﬁ+nb%-g+b%—o

We can multiply through bg? and then combine terms and factor to obtain,
b’n* - [3n’b(1+b)n*+n* =0
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or, b + [-3b(1-b)]x+ 1 =0

wherex = (n/n)’. This is a quadratic equationsnlts solution is,
3b(1+b) £ | B?(1+ b)* - &°

) 2b°

For Si,b = 3, and wehave twosolutions corresponding twn, = 1.14andn/n, = 0.169, orp/n,
1/0.169 = 5.92.

n
n

2
> =

X =

4. Example: Hall coefficient of a semiconductor

Given the mass action lanp = n? and theelectronand hole driftmobilities, 1, = 1350 cmd V* s, u, =
450 cnf V™ s* for silicon, that i = 3, sketch schematically hd®y; changes with electron concentratign
given those values afresulting inR, = 0 and maximunk, values in the above examples.

Solution

Substitutingthe massactionlaw p = n?n into Equation(9) and using anormalized electron
concentratiorx = n/n, we get,

2
o r:]—nbz ] )l(—xbz
ep+nb)’ 2 o .o, 0f
egﬁ+nb5 eniD;+be
R Y
o y_D1D_[31+XbD2
HnH Ox O

R, vs.n obviously followsy vs.x, which is shown in Figure 2 fdr= 3. It is left as anexercise to
show that, when >>n, R, = -1/en and whem <<n, R, = +1k&p.
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Normalized Hall coefficient vs. normalized electron concentration. Values
0.17, 1.14 and 0.33 shown aniei values when the magnitudeRf, reaches

maxima and zero respectively.
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NOTATION

acceleration (m?3

ratio of electron to hole drift mobilityo(= 1, / )

applied magnetic field along tlzalirection, transverse t) (T)

electronic charge (1.60210% C)

applied electric field along thedirection, along the direction of current flody,(V m™)
electric field along thg-direction (or the Hall field), transverseipandB, (V m™)
external applied force acting on an electron in the conduction bandya(Nihg

external applied force acting on a hole in the valence band waldijg

net force (N)

current density along (A m?)

current density along (A m?)

kinetic energy

mass of electron in free space (9.10838% kg)

concentration of electrons (number of electrons per unit volume) in the conduction B%nd (m
intrinsic concentration (rf)

concentration of holes in the valence band)(m

Hall coefficient (mi C*)

drift velocity of an electron in the-direction due to an applied external force algrm s%)
drift velocity of an electron in thg-direction due to an applied external force algrim s%)
drift velocity of a hole in the-direction due to an applied external force alzifm s%)
drift velocity of a hole in thg-direction due to an applied external force algrfm s?)
drift mobility of electrons in the conduction band?(¥t* s?)

drift mobility of holes in the valence band{w* s

USEFUL DEFINITIONS

Hall coefficient (R,) is a parameter that gauges the magnitude of the Hall effeégfidfthe electric field set up in the

direction due to a current density, alongx and a magnetic field,, alongz, thenR, = E//J,B,.

Hall effect is a phenomenon that occurs in a conductor carrying a current when it is placed in a nfiaghpggpendicular

to the current. The charge carriers in the conductor bedeffexted by the magnetic fiedohd give rise to arelectric
field (Hall field) that is perpendicular to both tberrent and magnetfeld. If the currentdensity,J,, is alongx and
the magnetic fieldB,, is alongz, then the Hall field is either along/er -y depending on the polarity of theharge
carriers in the material.

Drift mobility is the drift velocity per unit applied field. [, is the mobility then thedefining equation is/,=u,E where

Vv, is the drift velocity andE is the electric field.

Drift velocity is theaveragevelocity, overall the conduction electrons ithe conductor, inthe direction of anapplied

electricalforce F = —eE for electrons). In theabsence of an appliefield, all the electronsare moving around
randomly and the average velocity, over all the electrons, in any direction is zero. With an appligd fiedde is a
net velocity per electrom,, in the opposite direction to the field whetgdepends ok, via v,=pE, wherep, is

the drift mobility.

Lorentz forceis the force experienced by a moving charge in a magnetic field. Wtlesrgeq is moving with a velocity

v in a magnetidield B, then it experiences #orce, F, that is proportional to thenagnitude ofits charge,q, its
velocity, v and the fieldB such thafF=qv x B.

Mass action law in semiconductor science refers to the kapv= n;? which is valid underthermal equilibriumconditions

and in the absence of external biases and illumination.
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Semiconductor is a nonmetallic element (e.g. Si or Ge) that contains both electrons and holes as charge ceon#esin
to an enormous number of electrons only as in metals. A hole is essentially a "half-broken" covalent bond which has
a missing electron and therefore behaves effectively as if posititiahged Underthe action of arapplied field the
hole can move by acceptilag electrorfrom a neighboringond therebypassing on théhole". Electronandhole

concentrations in a semiconductor are generally roeaigrs of magnitude legban those in mtals, thudeading to
much smaller conductivities.
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